A key remaining challenge in oceanography is the understanding and parameterization of small-scale mixing. Evidence suggests that topographic features play a significant role in enhancing mixing in the Southern Ocean. This study uses 914 high-resolution hydrographic profiles from novel EM-APEX profiling floats to investigate turbulent mixing north of the Kerguelen Plateau, a major topographic feature in the Southern Ocean. A shear-strain finescale parameterization is applied to estimate diapycnal diffusivity in the upper 1600 m of the ocean. The indirect estimates of mixing match direct microstructure profiler observations made simultaneously. It is found that mixing intensities have strong spatial and temporal variability, ranging from O(10 26
Introduction
In the stratified ocean, turbulent mixing is primarily attributed to the dissipation of internal waves. Recent work suggests that in some regions of the Southern Ocean, the interaction between the Antarctic Circumpolar Current, or tidal flows, and rough topography is a significant source of internal waves (e.g., Naveira Garabato et al. 2004b; Nikurashin and Ferrari 2010) . There is growing evidence that the resulting enhanced mixing over regions of rough topography affects the abyssal stratification, the circulation of the Southern Ocean, and the global overturning circulation (Naveira Garabato et al. 2004b; Sloyan et al. 2010; Nikurashin and Ferrari 2010) . This work investigates small-scale diapycnal turbulent mixing and its sources north of the Kerguelen Plateau, a major topographic feature in the Southern Ocean.
Understanding the processes affecting small-scale mixing in the oceans and how they can be parameterized in circulation models is still a challenge in physical oceanography (Alford et al. 2012) . In spite of much work on new instruments and techniques to measure turbulence, observations of mixing are sparse and our limited understanding of the physical processes behind turbulent mixing leads to inaccurate representations of mixing in ocean general circulation models (Wunsch and Ferrari 2004) . High-resolution modeling studies have shown that the uptake and storage of tracers, such as heat, salt, nutrients, and gases, are very sensitive to the temporal and spatial variations of mixing (Harrison and Hallberg 2008) . With turbulent mixing playing a key role in the overturning circulation and in the budgets of energy, carbon, and nutrients, it is crucial to have a correct representation of mixing in ocean models .
Turbulent mixing leads to the transfer of kinetic energy into heat by viscous dissipation. The heat generated by turbulence is typically insignificant compared to that of other sources such as solar radiation (Thorpe 2005) , but the total loss of energy by turbulent motions is substantial and must be balanced by other energy sources for the ocean to remain in a quasi-steady state. As such, turbulent mixing can control the strength of the ocean's overturning circulation (Bryan 1987) , dissipating energy from the winds and tides. The eddy diffusion coefficient of mass across isopycnal surfaces, called diapycnal turbulent eddy diffusivity of mass and hereinafter referred to as diffusivity (K r ), is often used to characterize turbulent mixing.
The Southern Ocean has no meridional continental barriers. This allows for the existence of the eastwardflowing Antarctic Circumpolar Current that connects the three major ocean basins and is composed of intense narrow fronts (Deacon 1937) . These fronts coincide with water mass boundaries and maxima in current speed (Orsi et al. 1995) . Eddies with length scales ranging from tens to hundreds of kilometers are found along the path of the Antarctic Circumpolar Current. These eddies carry heat poleward and are key to Southern Ocean dynamics (Olbers et al. 2004 ). The Southern Ocean meridional circulation is driven by winds and surface buoyancy forcing (Rintoul and Naveira Garabato 2013) . It consists of the upwelling of deep waters to the surface and the production of dense bottom and intermediate waters. The Southern Ocean therefore regulates fluxes of heat, freshwater, and carbon between the surface and the deep ocean (Rintoul and Naveira Garabato 2013) . Dense waters are formed in a few regions at high latitudes and mass balance requires the conversion of these waters to less dense water masses. This can be achieved through diapycnal mixing where the downward diffusion of heat is balanced by the upward diapycnal advection of the overturning circulation (Munk 1966) . Recent work suggests that the conversion of dense waters to less dense waters can be buoyancy and wind driven in the Southern Ocean, where abyssal isopycnals outcrop at the surface (Toggweiler and Samuels 1995, 1998; Nikurashin and Vallis 2012) . The quantitative contribution of either diapycnal mixing or buoyancy fluxes is unknown, but diapycnal mixing at least partly closes the Southern Ocean meridional circulation by upwelling tracers across isopycnals (Huang 1999) . As such, the intensity and distribution of diapycnal mixing in the Southern Ocean plays a major role in the global overturning circulation (Polzin et al. 1997; Sloyan and Rintoul 2001; Wunsch and Ferrari 2004; Ferrari 2014) .
Both the wind, through wind work at the ocean surface (Wunsch 1998) and through variations in the wind forcing (Alford 2001; Watanabe and Hibiya 2002) , and the buoyancy gradient are sources of energy for the global ocean circulation. One sink for this energy is turbulent mixing. Assuming uniform mixing, Munk (1966) used an advective and diffusive model of heat transfer to estimate that K r 5 10 24 m 2 s 21 was required to close the global meridional overturning circulation. The relationship K r 5 10 24 m 2 s 21 became the canonical value for diffusivity throughout the ocean interior. Observations of diffusivity in the thermocline waters determined by tracer release (Ledwell et al. 1993 (Ledwell et al. , 1998 , and microstructure studies (Gregg 1987) , sparked controversy with values of diffusivity an order of magnitude lower than the canonical value. For the past 20 yr, observational estimates have shown diffusivity to be highly spatially nonuniform, with values above rough topography up to two orders of magnitude larger than the canonical value (Polzin et al. 1996 (Polzin et al. , 1997 Ledwell et al. 2000; St. Laurent et al. 2001; Naveira Garabato et al. 2004b; Sloyan 2005 We present the first estimates of turbulent mixing from Electromagnetic Autonomous Profiling Explorer (EM-APEX) floats. Our key finding is that the high mixing variability observed near the Kerguelen Plateau can be attributed to regional dynamics. We infer mixing sources and identify regional dynamics by analyzing the influence of environmental factors on the mixing distribution. The data and quality control applied are described in section 2. In section 3, we present the method of finescale parameterization of shear and strain to estimate turbulent mixing. Aspects of the regional oceanography, mixing levels, sources, and regional dynamics are described in section 4. In section 5, we discuss the implications in a regional context.
Data

Observations
The observations for this study were collected in late 2008 north of the Kerguelen Plateau as part of the Southern Ocean Finestructure (SOFine) project. SOFine is a United Kingdom, United States, and Australian collaborative project to investigate the impact of finescale processes on the momentum balance in the Antarctic Circumpolar Current (Naveira Garabato 2009). The SOFine oceanographic survey consisted of 59 sampling stations, a mooring array, and eight EM-APEX Argoequivalent floats deployed along the ship track. At the stations, simultaneous measurements of conductivitytemperature-depth (CTD), lowered acoustic Doppler current profiler (LADCP), and free-falling vertical microstructure profiler (VMP) were made (Waterman et al. 2013) . A moored array was deployed on a ridge that extends northward from the Kerguelen Plateau between 46.508 and 47.008S and 71.758 and 72.008E. Three moorings were short term, while two other moorings were deployed for 2 yr (Naveira Garabato 2009). In this study, we use the data from the EM-APEX floats to understand the variability of mixing in the region. The EM-APEX floats were deployed on the northern edge of the Kerguelen Plateau. Programed to surface twice a day, they were advected eastward by the Antarctic Circumpolar Current. We use a subset of 914 profiles of temperature, salinity, pressure, and horizontal velocity from the ocean surface to 1600-m depth sampled over a period of 10 weeks in the vicinity of the Kerguelen Plateau. The profiles that the floats sampled downstream from the Kerguelen Plateau are not examined.
The EM-APEX profiling float is an innovative instrument that provides inexpensive, autonomous, and high-resolution observations of horizontal velocity. It combines a standard Teledyne Webb Autonomous Profiling Explorer float with a velocity-sensing electromagnetic subsystem. A Sea-Bird Electronics SBE-41 CTD instrument measures the temperature, salinity, and pressure. The CTD is pumped on demand for approximately 2.5 s, delivering 40 ml s 21 flow. The EM-APEX electromagnetic subsystem has a compass, accelerometer, and five electrodes to estimate the magnitude of the horizontal velocity. The principle is that a conductor moving through a magnetic field develops an electrical potential drop across the conductor; the conductor is seawater, and the magnetic field is that of Earth (Sanford et al. 1978) . The EM-APEX electromagnetic subsystem voltmeter measures the electric potential difference across the body of the float with two independent pairs of electrodes. The processing of the voltages into velocity components is shore based. The EM-APEX float rate of ascent and descent ranges from 0.12 to 0.13 m s 21 , resulting in velocity estimates at approximately 3-m vertical intervals. The temperature, salinity, and pressure data from the EM-APEX floats were quality controlled by adapting and applying the CSIRO Marine and Atmospheric Research Argo delayed-mode quality control procedure (Meyer et al. 2015, unpublished manuscript) . This was followed by processing to calibrate the relative velocities measured by the floats and combine them with GPS surface positions to produce absolute velocity profiles (Phillips and Bindoff 2014) .
3. Shear-strain parameterization of the turbulent dissipation rate
Turbulence is strongly related to the energy and shear of the internal wave field through wave-wave interactions (Polzin et al. 1995) . The local turbulent dissipation rate can be estimated by combining observations of the internal wave field (finescale measurements) with theoretical models of energy transfer. Finescale parameterizations have been widely used to estimate mixing in the past decade (e.g., Mauritzen et al. 2002; Naveira Garabato et al. 2004b; Sloyan 2005; Kunze et al. 2006; Alford et al. 2007; Park et al. 2008; Fer et al. 2010; Wu et al. 2011; Whalen et al. 2012; MacKinnon et al. 2013) . The use of finescale parameterization is high since the observations needed (vertical density and/or velocity measurements) to derive the dissipation rate with these methods are more easily acquired than direct observations of dissipation using microstructure profilers.
The finescale parameterization is based on 1) the assumption that most of the turbulent mixing is driven by breaking internal waves (Alford and Gregg 2001) and 2) the notion of a downscale energy cascade. Garrett and Munk (hereinafter GM) were the first to describe and model the background internal wave field empirically in terms of a vertical wavenumber and frequency spectrum (Garrett and Munk 1972) . Additional work by Garrett and Munk (1975) and modifications by Cairns and Williams (1976) , denoted GM75 and GM76, respectively, further characterized the background internal wave field. Gregg (1989) then applied models to shear observations to obtain estimates of the dissipation rate. Over the next 20 yr, theoretical work (e.g., Lvov et al. 2004 ), observational work (e.g., Polzin et al. 1995) , and numerical simulations (e.g., Winters and D'Asaro 1997) further tested and refined the model of energy transfer. It predicts the turbulent dissipation rate from the energy level of internal waves as derived from finescale measurements of the vertical shear (from velocity profiles) and vertical strain (from density profiles).
As suggested by the theory (Henyey et al. 1986 ) and observations (Polzin et al. 1995) , the dissipation rate scales quadratically with the shear spectral level. Assuming the spectral energy transfer arrives at dissipation scales where wave-breaking dissipates turbulent kinetic energy, the dissipation rate « is
(1)
We follow the Polzin et al. (2002) and Naveira Garabato et al. (2004a) notations where N is the ''local'' buoyancy frequency, hV 2 z i is the integrated variance of the vertical shear normalized by N, hV 2 z2GM i is the GM76 model-integrated vertical shear variance, R v is the shear-to-strain variance ratio, and f is the local inertial frequency. Equation (1) is normalized to the GM76 model (latitude 32.58N) such that constants are the dissipation « 0 5 8 3 10 210 W kg
21
, the buoyancy frequency N 0 5 3 cph extrapolated to the surface in GM76, and the inertial frequency f 0 5 7.86 3 10 25 s
. Here, the angle brackets denote variance integrated over a specified vertical wavenumber range. For further details, Polzin et al. (2014) provide an in-depth discussion on how to estimate turbulent dissipation with finescale parameterizations.
The buoyancy frequency N is expressed as an angular frequency in radians per second:
where g is the acceleration due to gravity, E is the stability of the water column, and r u is the potential density.
To estimate the buoyancy frequency from the EM-APEX data, we use a potential density derived at local reference levels through the water column. We apply the adiabatic steric anomaly levelling method developed by Bray and Fofonoff (1981) where the potential density gradient is estimated using a linear regression after levelling to a midpoint reference pressure. For the purpose of this study, we estimate two buoyancy frequencies that are derived over different time, horizontal, and vertical length scales. First, we derive the squared buoyancy frequency N 2 . For this small-scale N 2 , the density gradient is estimated using a linear regression of potential density on pressure, calculated over a vertical pressure window of 12 m in Eq. (2). We use the same method to derive the mean squared buoyancy frequency hN We spatially Fourier transform each strain j z and shear V z segment to obtain the strain spectra F strain and the shear spectra F shear , respectively. The shear variance hV 2 z i and the strain variance hj 2 z i are then determined by integrating the shear spectra and the strain spectra from a minimum vertical wavenumber m 0 to a cutoff vertical wavenumber m c [Eq. (3)]. Ideally, this window covers the entire internal wave band, particularly if the spectra are not flat. It can be set to a constant range such as 50 to 300 cpm 21 (Damerell et al. 2012 ) to a variable range (Naveira Garabato et al. 2004b; Whalen et al. 2012; Waterman et al. 2013) , but this window rarely integrates to the cutoff vertical wavenumber. The cutoff vertical wavenumber m c is the threshold where there is a transition from quasi-linear wave-wave interactions to strongly nonlinear wave breaking (D'Asaro and Lien 2000). Here, the high vertical resolution of the velocity data from the EM-APEX floats (;3 m) enables us to resolve the appropriate cutoff vertical wavenumber for each profile. We define the cutoff vertical wavenumber as the point where the integrated shear variance reaches 2pN 2 /10 and derive it for each vertical segment. Its mean value is 16 cpm
. We then set the minimum vertical wavenumber to m 0 5 384 cpm 21 , a compromise between integrating at wavenumbers low enough to resolve vertical structure but not so low that nonwave (e.g., geostrophically balanced motion) variance contaminates the spectra:
The shear variance from the GM76 model spectrum hV
(1)] is derived from integrating over the same wavenumber band (m 0 to m c ), using the GM model parameters from GM76.
The shear-to-strain variance ratio R v is
and is derived for each vertical segment of each profile. It is an estimate of the mean aspect ratio of the internal wave field from which a measure of the bulk frequency of the wave field content can be derived ). Higher R v values imply a dominant presence of near-inertial waves, while lower R v values can be attributed to the presence of more high-frequency internal waves at high vertical wavenumber or the presence of shear instabilities when m . m c (Polzin et al. 2003) .The shear-to-strain variance ratio is also used in strain-only finescale parameterizations to estimate mixing, where the choice of R v is based on observed R v from previous studies.
To estimate the diapycnal turbulent eddy diffusivity K r from the dissipation rate «, we use the Osborne and Burch (1980) relation
where the mixing efficiency (G 5 0.2) is assumed to be a constant (Osborne and Burch 1980) . The uncertainty associated with deriving the dissipation rate and the diapycnal turbulent eddy diffusivity is estimated as a factor of 62 (Polzin et al. 1995) . The software we developed to estimate mixing from EM-APEX data is described in Meyer et al. (2014) and is available online. temperature, salinity, horizontal velocity, and buoyancy frequency from the EM-APEX floats help us identify oceanographic features near the Kerguelen Plateau (Fig. 2) . In Figs. 2 and 3a, profiles are shown in sampling order and are grouped by floats. The floats are organized by each float's mean latitude from south to north. This gives to the composite trajectories the appearance of a meridional transect with the southernmost float on the left-hand side (Figs. 2, 3a) . Fronts can be identified using hydrographic criteria such as velocity maxima location, water mass distribution, and locations where certain hydrographic properties cross particular depths (Belkin and Gordon 1996) . Traditionally, the Subtropical Front is identified by a temperature range of 108 to 128C and salinities on the practical salinity scale (pss-78) of 34.6 to 35.0 at 100-m depth (Orsi et al. 1995) . The Subantarctic Front is located at the rapid descent of the subsurface salinity minimum (Whitworth and Nowlin 1987) , and the Polar Front can be defined by the northern limit of the subsurface 28C temperature minimum at the 200-to 300-m depth range (Park et al. 1998) . Recent studies have shown that fronts in the Antarctic Circumpolar Current are complex and that their position and intensity are highly variable in time (Sokolov and Rintoul 2007, 2009 ). Upstream and downstream from topographic features, fronts have many branches that merge, diverge, and meander with time. The different branches of the Subantarctic Front are known to merge into an intense jet north of the Kerguelen Plateau, while downstream of the plateau, the jet shows a strong variability and the fronts split (Sallée et al. 2008) . The location of the Polar Front in the region of the Kerguelen Plateau is variable. The northern branch of the Polar Front has been observed (Belkin and Gordon 1996) and modeled (Langlais et al. 2011 ) to pass both north and south (Park et al. 1998 ) of the Kerguelen Plateau with the possibility of atmospheric forcing as a control factor (Sallée et al. 2008) .
We use surface velocity maxima determined from satGEM (Meijers et al. 2011 ), a weekly geostrophic velocity product, as an indication of the position of fronts. SatGEM combines a gravest empirical mode (GEM) analysis of ocean climatology data and satellite altimetry data (AVISO). We average the weekly satGEM geostrophic velocities over the sampling period of the EM-APEX floats (18 November 2008 -30 January 2009 ) and over a density range of 26.6 to 26.8 kg m 23 .
The result is a mean surface geostrophic velocity field with a horizontal resolution of 1 /38, in which we find a coherent and intense jet north of the Kerguelen Plateau (Fig. 1 A feature observed in both the EM-APEX data and the satGEM product is a large meanderlike structure pinching off the SAF/STF region, hereinafter called the eddy (Fig. 1) . We confirm this feature is a cold-core cyclonic eddy located between 448 and 428S and 698 and 738E using satellite sea surface temperature data (not shown). Three EM-APEX floats (floats 4051, 3764, and 3951) sampled along the rim of the eddy but did not sample its core. The eddy rim has the same temperature, salinity, and density characteristics as surrounding waters; however, its current speed is higher than surrounding waters. In the top 200 m of the eddy rim, the stratification is low compared to either the SAF/STF region or the Subantarctic zone ( Fig. 2d ; profiles 720 to 800).
We sort the EM-APEX float profiles according to their position relative to the fronts. They are either in the region north of the SAF/STF region (Subantarctic zone), in the SAF/STF region, in the region south of the SAF/STF region (Polar Front zone), or in the eddy. Profiles located in a region of geostrophic flow velocity larger than 0.35 m s 21 are considered to be in the SAF/STF region or in the eddy if not along the main axis of the SAF/STF region. The rest of the profiles are assigned to either the Subantarctic zone or to the Polar Front zone. Half the profiles are found to be in the Polar Front zone, 23% in the SAF/STF region, 10% in the Subantarctic zone, and 16% in the eddy.
South of the SAF/STF region, we identify Upper Circumpolar Deep Water (UCDW) as the water mass with potential density s u $ 27.5 kg m 23 (Fig. 2) , which corresponds to potential temperature 2.78C # u # 5.88C and salinity 34.4 # S # 34.7. These definitions are consistent with those used by Sloyan and Rintoul (2001) and Damerell et al. (2013) . Values of diffusivity K r estimated from the EM-APEX data with the shear-strain parameterization show large variability (Fig. 3a) (Fig. 3b) placing our mean dissipation rate at background levels. However, we find that vertically averaged dissipation is highly spatially variable and most intense over shallower bathymetry and rough topography (Fig. 4) . In particular, EM-APEX floats close and downstream from the Kerguelen Plateau (floats 3761, 3760, and 3952) show high vertically averaged dissipation. The mixing estimates are similar to other finescale parameterization observations in the Southern Ocean (Wu et al. 2011 ) and microstructure measurements north of the Kerguelen Plateau (Waterman et al. 2013 ).
c. Environmental factors and mixing variability
Here, we investigate topographic roughness, current speed, and wind speed as environmental factors controlling the variability of the mixing.
1) TOPOGRAPHY
For each EM-APEX float profile, we derive the topographic roughness as the variance of bottom height H [var(H)] in square meters. The topographic roughness is computed over a 0.18 longitude by 0.18 latitude box, which is approximately 8 km 3 11 km, using the topography dataset from Smith and Sandwell, version 13.1 (Smith and Sandwell 1997) .
2 The spatial resolution of the topography dataset resolves only part of the scales of the internal lee-wave generation radiative range (Nikurashin and Ferrari 2011) . Beside the Smith and Sandwell topographic dataset, methods exist to estimate regional smallscale topographic roughness (Nikurashin and Ferrari 2011) . However, such methods require adding a parametric spectral component by Goff and Jordan (1988) to the measured topographic spectrum. Here, we choose to use the Smith and Sandwell topography data. We subsample the mixing data into profiles above smooth topography and profiles above rough topography. Smooth topography is defined as values of roughness less than the mean, 1.72 3 10 4 m 2 , and rough topography as values of roughness larger than the mean. Most profiles sampled above rough topography are located south of 458S closer to the Kerguelen Plateau. The mean vertical mixing profiles show that dissipation is up to 3 times more intense above rough topography than above smooth topography (Fig. 5) , while the mean vertical stratification and horizontal velocity profiles are similar whether above smooth or rough topography (not shown). The mean profile above rough topography shows enhanced dissipation from 240 to 1400 m, with a maximum near 800 m. The water column above rough topography is on average 2900 m deep in this study. This suggests that the impact of the topography on mixing in this case might reach up to 2000 m above the seafloor, as previously reported in the Brazil basin (Polzin et al. 1997) .
Additionally, we observe a significant correlation of R 5 0.74 (P , 0.05 at the 95% confidence interval) between the topographic roughness and depth-integrated diffusivity over the total profile range (not shown). The linear fit between the topographic roughness and the diffusivity has a slope of 0.58. The correlation R 5 0.74 north of the Kerguelen Plateau is higher than previously estimated for the whole Southern Ocean (R 5 0.51 at the 95% confidence interval; Wu et al. 2011) .
2) CURRENT SPEED
To quantify the impact of the SAF/STF region on the mixing intensity, we estimate the correlation between the depth-integrated diffusivity (800-1400 m) and the mean current speed in the upper 1400 m, assuming that higher mean current speed is a good proxy for the frontal region. Over the whole dataset, the moderate positive correlation (R 5 0.36 and P , 0.05 at the 95% confidence interval) confirms that as current speed increases, so does mixing. The enhanced mixing associated with high current speed is likely because of the internal wave generation and dissipation where the strong quasisteady flow of the Antarctic Circumpolar Current interacts with the topography (Bell 1975) . Such enhanced mixing would be located closer to the seafloor where the internal waves dissipate. We therefore expect a stronger correlation in profiles in shallower water, where the floats sample a larger percentage of the water column. We choose the mean water depth (3546 m) over 418-508S and 618-798E as a threshold value, and we correlate current speed and depth-integrated diffusivity only for profiles in less than 3546 m (Fig. 6) . The resulting correlation is stronger R 5 0.63 (P , 0.0005 at the 95% confidence interval), confirming the presence of enhanced mixing at depth when the current speed is high.
High current speed can be the result of geostrophic flows and tidal flows. We investigate how much, if any, of the enhanced mixing at depth could be the result of tidal motions rather than geostrophic motions. A detailed analysis of recent estimates of the energy conversion from M 2 barotropic tide (Egbert and Ray 2000) and geostrophic motions (Nikurashin and Ferrari 2013) into internal waves shows that geostrophic motions dominate energy conversion into internal waves near the Kerguelen Plateau and that tidal energy dissipation is only significant on the edge and above the Kerguelen Plateau (not shown). A harmonic analysis of the data from the SOFine long-term moorings close to the plateau shows that the mean tide (including M 2 , S 2 , N 2 , K 1 , O 1 , and P 1 ) for the full water column is 2. mean current speed of 38 cm s 21 recorded by the EM-APEX floats. We also use the TOPEX/Poseidon 7.2 (TPXO7.2) 3 global tidal model to predict the tidal currents at a 18 latitudinal interval from 418 to 478S along 708E during the profiling time period of the EM-APEX floats. The model configuration is described in details by Egbert et al. (1994) and further by Egbert and Erofeeva (2002) . Eight primary (M 2 , S 2 , N 2 , K 2 , K 1 , O 1 , P 1 , and Q 1 ), two long period (M f and M m ), and three nonlinear (M 4 , MS 4 , and MN 4 ) harmonic constituents are used to predict the tidal velocity. The predicted median tidal velocity is 1.8 cm s 21 at 418S, north of the plateau, and increases to 2.6 cm s 21 at 478S, on the edge of the plateau. We find that the predicted tidal flow is systematically smaller than the observed current speed within the depth range of the EM-APEX floats and that the difference between tidal and geostrophic flow decreases as we get closer to the plateau (Fig. 7) . It is therefore likely that the main source of internal waves in the area is the geostrophic flow, with a small contribution from tidal motion when closer to the Kerguelen Plateau.
3) WIND SPEED
The main mechanism to transfer energy from the wind to the ocean is the generation of near-inertial internal waves that can radiate downward from the bottom of the mixed layer and subsequently break and dissipate their energy as mixing in the ocean interior (Plueddemann and Farrar 2006) . For wind stress to efficiently force inertial motions in the surface mixed layer, the wind forcing must be variable and at the inertial frequency. Atmospheric frontal events, such as storms associated with atmospheric low pressure systems, can provide variable wind forcing to generate internal waves (D'Asaro 1985) .
We use two diagnostics to investigate the impact of wind on mixing: the shear-to-strain variance ratio, R v defined in section 2, and the ratio of counterclockwise (CCW)/clockwise (CW) shear variance, hereinafter f CCW / f CW . The f CCW /f CW can be used to infer the dominant direction of energy propagation of rotationally affected internal waves (Leaman and Sanford 1975) . It represents an approximate decomposition into upward-and downward-propagating fields and may not be indicative of the energy flux in a multichromatic wave field. A dominance of CCW polarization of the shear suggests predominantly downward energy propagation in the Southern Hemisphere (upward phase propagation), and a dominance of CW polarization of the shear indicates that upward energy propagation dominates (downward phase propagation). We define the counterclockwise shear variance f CCW and the clockwise shear variance f CW as
and
where V z is the vertical shear, u and y are the zonal and meridional velocity components, N is the buoyancy frequency, and QS is the quadrature spectrum (Gonella 1972).
We investigate the source of enhanced mixing in the upper water column by considering profiles with integrated diffusivity values larger than 1. (Fig. 8b ). This suggests that regions with high diffusivity in the upper water column coincide with an increase in downward-propagating energy and near-inertial waves. Next, we identify atmospheric frontal events that came through the Kerguelen Plateau region while the EM-APEX floats were sampling. We compute A wind , the maximum wind area that we define as the surface area at 6-hourly intervals at 0.258 3 0.258 resolution. We expect large values of A wind to be associated with significant atmospheric frontal events that can generate near-inertial waves. As such, A wind could be a diagnostic for intense surface mixing events. Over the 10 weeks of observations, we identify the two main atmospheric frontal systems beginning on 23 November 2008 and on 29 December 2009. After the passage of the atmospheric frontal systems, the upper water column-integrated diffusivity reaches values well above average levels (Fig. 9b) . The mean vertical f CCW /f CW ratio shows that integrated diffusivity peaks are followed by enhanced downward internal wave propagation with a delay of 2 to 5 days (Fig. 9b) .
To determine if the peaks in integrated diffusivity are because of the wind, we would ideally use local wind observations correlating wind stress or wind work with mixing observed in the upper ocean. Since there are no direct wind observations along the trajectories of the floats, we use the 6-hourly, 0.258 3 0.258 resolution CERSAT wind product that impose significant temporal and spatial limitations on the analysis. We find no direct correlation between the diffusivity and corresponding wind stress. One possible reason for the lack of correlation is that the resolution of wind stress estimates from satellite-derived wind data is too coarse to relate wind stress and variations in mixing estimates.
We suggest there is some evidence of wind-driven mixing in the upper 800 m below the mixed layer in the form of downward-propagating near-inertial internal waves. The enhanced surface mixing is attributed to large atmospheric frontal events. The time lag, which can vary from 10 to 20 days (Balmforth and Young 1999) , and other dynamics between wind forcing, the generation of near-inertial waves, their breaking, and resulting enhanced mixing make showing the relationship between wind and mixing difficult. Forcing a slab mixed layer model with the CERSAT wind product, the flux from wind to inertial motions could be estimated and compared with observed mixing in the upper ocean (Pollard and Millard 1970; D'Asaro 1985; Alford 2003) . Such an analysis will be the focus of future work.
d. Regional variability of mixing
Fronts are regions of sharp transitions of ocean properties. Previous studies in the Southern Ocean have shown frontal regions enhancing mixing along the Antarctic Circumpolar Current pathway (Sloyan 2005) , as well as enhancing upper-ocean mixing north of an Antarctic Circumpolar Current front (Thompson et al. 2007; Sloyan et al. 2010) . In this study, the SAF/STF region separates the Subantarctic zone from the Polar Front zone (Fig. 1) .
The mean mixing intensity in the Subantarctic zone, in the Polar Front zone, and within the SAF/STF region differs by as much as an order of magnitude (Table 1) . Overall, mixing is more intense within the SAF/STF region than in the Subantarctic zone or in the Polar Front zone (Fig. 10a) . The weakest mixing is in the Subantarctic zone (Table 1 ; Fig. 10a ). All three regions reach a maximum mixing value below 700 m, while subsurface minima are located between 250 and 450 m (Fig. 10a) . We also find that the mean value of dissipation rate varies whether at the western end or at the eastern end of the SAF/STF region. The mean dissipation rate in the SAF/STF region west of 698E is 7.2 3 10 210 W kg 21 , while east of 718E, the mean dissipation rate is 34 3 10 210 W kg
21
. This could be the result of internal wave generation and breaking as the flow impinges on the rough topography of the plateau, enhancing mixing downstream from the plateau but not upstream.
The mean shear-to-strain variance ratio R v is similar in the SAF/STF region and in the Polar Front zone, while the mean R v values in the Subantarctic zone are higher (Table 1) . This difference is enhanced below 400 m, where the mean R v 5 5.3 both in the Subantarctic zone and the SAF/STF region and R v 5 6.7 in the Subantarctic zone (Fig. 10b) . This suggests that near-inertial frequency waves are more present in the Subantarctic zone than in the other regions. We compare values of the shear-to-strain variance ratio from this study and previous studies in Table 2 . The f CCW /f CW ratio used to distinguish upward from downward energy propagation varies substantially from one region to another. In the SAF/STF region, where we expect upward-propagating internal waves to dominate, f CCW /f CW is greater than one, implying the presence of downward-propagating internal waves. The analysis of internal waves shows that 62% of observed internal waves in the area are propagating downward (Meyer et al. 2015, unpublished manuscript) . The mean depth in the SAF/STF region is 3535 m, and it is likely that many upward-propagating internal waves dissipate before they reach 1600-m depth. Since we only sample the upper 1600 m of the water column, such waves might be underrepresented compared with what would have been observed if we had full depth data. We expect upward-propagating internal waves to be better sampled in the Polar Front zone since its mean depth is 119 m shallower than the SAF/STF region mean depth (Table 1 ). The Polar Front zone has f CCW /f CW values less than one below 300 m, which suggests that some of the energy in the Polar Front zone comes from upward-propagating internal waves (not shown). A key point is that mixing is substantially enhanced within the SAF/STF region (Fig. 10) , particularly downstream of the Kerguelen Plateau. The variability of mixing north of, within, and south of the front suggests that different regional dynamics influence mixing. In the SAF/STF region, intense current speeds and interactions with rough topography are associated with enhanced turbulent mixing [section 4c(2)]. We find that mixing dynamics in the Subantarctic zone with low topographic roughness are controlled by wind-generated inertial motions [section 4c (3) we find that the combination of the Kerguelen Plateau and associated rough topography with moderate currents leads to substantial mixing [section 4c (1)]. This regional variability of mixing is consistent with the internal wave analysis of the same dataset. The distribution of internal waves shows that in the SAF/STF region, the interaction of the topography and the strong current generates upward-propagating internal waves, while away from topography in the Subantarctic zone, wind forcing is the source of downward-propagating near-inertial internal waves (Meyer et al. 2015 , unpublished manuscript).
Discussion
a. Enhanced mixing in an eddy
In the upper 400 m of the edge of the cyclonic eddy, we observe large, integrated dissipation values, up to 10 times larger than mixing elsewhere (Fig. 11) . Altogether, 18 profiles with large values of mixing were sampled over a two-week period by three EM-APEX floats in different sections of the eddy. The large mixing values occur 10 days after the passing of the first atmospheric frontal system identified in section 4c(3). A few other profiles show similar enhanced mixing in the upper 400 m away from the eddy but are not gathered as closely together. We explore several theories that could explain the intense mixing we see close to the surface at the edge of the eddy.
Enhanced mixing in the upper water column is often attributed to breaking near-inertial internal waves generated at the ocean surface by atmospheric forcing. The 10-day-long delay between the atmospheric frontal system and the large mixing values are consistent with observed time scales of the transmission of near-inertial waves from the mixed layer into the ocean's interior (Balmforth and Young 1999) . Various interactions FIG. 10 . Mean vertical profile of (a) diapycnal diffusivity and (b) shear-to-strain variance ratio (R v ), as a function of depth in the Subantarctic zone (red), Polar Front zone (blue), and SAF/STF region (black). Shaded areas show the 90% confidence intervals computed as the standard deviation from bootstrap sampling.
between near-inertial waves and the flow of the eddy or wave-mean flow interactions can explain an increase in the rate of near-inertial wave breaking and enhanced mixing:
1) Wave trapping: Theory suggests that wind-forced, near-inertial internal waves are vertically amplified in regions of negative relative vorticity gradients, leading to a quick decay with time, wave breaking, and enhanced local dissipation rate (Kunze 1985) . Both observational (Elipot et al. 2010 ) and modeling (van Meurs 1998; Balmforth and Young 1999) studies have shown that near-inertial internal waves can decay more rapidly when exposed to strong relative vorticity gradients. Jing and Wu (2013) found enhanced mixing under anticyclonic eddies in the Northern Hemisphere, invoking negative relative vorticity as being responsible. 2) Near-inertial chimney: From a three-dimensional numerical model, Lee and Niiler (1998) developed the concept of near-inertial chimneys where in regions of negative relative vorticity such as the core of anticyclonic eddies, downward-propagating nearinertial waves get funneled down the core and then trapped at a critical layer where near-inertial energy reaches its maximum. 4) Wave capture: Nonlinear interactions between internal waves and eddies can lead to wave capture, rapid wave breaking, and dissipation (Bühler and McIntyre 2005) . Taking the limit in which the group velocity of an internal wave is much smaller than the background flow provides a partial analogy with the filamentation of a passive tracer (Bühler and McIntyre 2005) . In the case of wave capture, the deformation rate of strain exceeds relative vorticity, and therefore the wavelengths and group velocity of an internal wave decreases to zero, while the amplitude increases exponentially, leading to the dissipation of the wave.
To look at the potential role of relative vorticity in enhancing mixing in the eddy, we estimate the local weekly mean vertical component of the relative vorticity z 5 (›y/›x 2 ›u/›y), where u and y are the components of the horizontal velocity vector in the zonal and meridional directions from the satGEM velocity fields. We set the horizontal scales to ›x 5 ›y 5 50 km and regrid the satGEM velocity fields on those scales. The resulting smoothed weekly maps of mean relative vorticity show the cyclonic eddy has the largest positive relative vorticity values in the area (not shown). With such strong positive relative vorticity in the eddy, we discard the first hypothesis of wave trapping driven by negative relative vorticity. We also discard the second hypothesis of a near-inertial chimney as this can only take place in the core of anticyclonic eddies.
We look at the vertical mixing distribution in the 18 profiles and find that mixing is enhanced in the upper 300 m. Using results from an analysis of the internal wave field for this dataset (Meyer et al. 2015, unpublished manuscript) , we see that the 18 profiles with enhanced mixing are associated with four internal waves. All four waves are propagating downward and have near-inertial intrinsic frequencies. When we compare these four waves with the nine other internal waves observed in the eddy, the four waves are shallower, have shorter vertical wavelength, and slower group velocity.
The characteristics of the observed waves satisfy the theory of wave capture by the mean flow Eq. (4), where vertical wavelength and group velocity decrease until the waves dissipate. We suggest that the observed enhanced mixing on the edge of the eddy is the result of internal wave capture by the mean flow of the eddy.
b. Water mass transformation rates
There is growing evidence that turbulent mixing in the Southern Ocean may control the deep-ocean stratification and the global overturning circulation. Transformation of deep water in the Southern Ocean closes the global overturning circulation (Sloyan and Rintoul 2001) . Quantifying the role of turbulent mixing on water mass transformation is key to understanding the global overturning (Nikurashin and Ferrari 2013) . We investigate the impact of mixing on local water masses by estimating the dissipation rate with respect to potential density for the whole area and each dynamical region (Table 3 ). In the EM-APEX depth range (upper 1600 m), dissipation is largest at depths corresponding to AAIW. Nearly 50% of the total dissipation estimated in the data occurs in AAIW, while 20% is in SAMW and 31% is in UCDW. Overall, the SAF/STF region is the region where most of the mixing of water masses takes place. The Polar Front zone also plays an important role, with a significant percentage of the total dissipation found in the Polar Front zone for each water mass. The eddy is associated with strong dissipation in the shallow SAMW. In the Subantarctic zone, dissipation within each water mass is weak. The depth range of the mixing estimates (200-1400 m) does not allow an assessment of dissipation in UCDW in the Subantarctic zone. In summary, most of the mixing of water masses in the upper 1600 m affects the AAIW and UCDW and takes place in the SAF/STF region and Polar Front zone.
In the context of the Southern Ocean overturning circulation, we infer the diapycnal transformation rate of water masses in the upper 1600 m in terms of potential density using our in situ estimate of diffusivity. Following the water mass transformation framework developed by Walin (1982) , the diapycnal volume flux or transformation D is
where K r is the observed diffusivity at the density level r, ›r/›z is the observed gradient in density around K r , and A is the area of the density surface r based on the World Ocean Atlas (Levitus and Boyer 1994) . We first apply Eq. (8) to the Kerguelen Plateau region (408-508S and 678-788E), estimating the diapycnal transformation for the Subantarctic zone, the SAF/STF region, and the Polar Front zone (Fig. 12a) . Density levels and latitudinal boundaries for the density surfaces are shown in Fig. 12 
(408-638S), using the observed diffusivities from the Kerguelen Plateau region (Fig. 12b) . The resulting diapycnal transformation estimates are significant for the Southern Ocean overturning circulation budget with an overall value of 20 Sv of upgradient transformation of denser waters along the 27.5 kg m 23 isopycnal surface, of which 17 Sv takes place in the SAF/STF region (Fig. 12b) . The mean roughness in the circumpolar band between 408 and 508S in the Southern Ocean (2.4 3 10 4 m 2 ) is larger than the mean roughness (1.4 3 10 4 m 2 ) in our dataset area north of the Kerguelen Plateau (408-508S, 678-788E). The observed mean mixing values north of the Kerguelen Plateau are therefore not likely to be particularly high because of topographic roughness compared to the rest of the Southern Ocean, and it is reasonable to extrapolate them to the entire Southern Ocean. We have also carefully chosen the latitude bands to include the same fronts in the Kerguelen Plateau region and in the Southern Ocean extrapolation. The dynamics of the mixing generation between the fronts and the topography in the Southern Ocean will, however, vary from those we observed north of the Kerguelen Plateau, and such variations are not taken into account in the Southern Ocean extrapolation. Applying to all available observed diffusivity profiles in the Southern Ocean, this method of estimating water mass transformation rates would decrease the uncertainties associated with the Southern Ocean extrapolation.
The 20-Sv circumpolar estimate of water mass transformation at r 5 27.5 kg m 23 is a factor of 3 to 4 larger than recent estimates such as 7 (Badin et al. 2013 ) and 5 Sv (Nikurashin and Ferrari 2013) at g 5 27.5 kg m
23
.
These results suggest that water mass transformation due to diapycnal mixing is dominant in the SAF/STF region, over rough topography, and at the boundary between UCDW and AAIW. Enhanced transformation in the front is consistent with recent work (Badin et al. 2013 ) and previous studies showing enhanced mixing in frontal regions (e.g., Sloyan 2005; Naveira Garabato et al. 2007; Thompson et al. 2007; St. Laurent et al. 2012) . Our estimate of the upgradient transformation of the water masses from a region with high mixing values, particularly in this density range between the Subantarctic Front and Polar Front, is evidence that topographic features and the Antarctic Circumpolar Current play a significant role in driving the Southern Ocean overturning budget. Lower background mixing could not provide the required water mass transformations.
c. Validating the shear-to-strain parameterization method
For validation, we compare the dissipation rate estimates from the EM-APEX floats with measurements from a microstructure profiler. Free-falling vertical microstructure profiler measurements were collected during the SOFine survey in conjunction with the deployment of the EM-APEX floats (Waterman et al. 2013) . The EM-APEX floats provided 914 profiles between November 2008 and January 2009, while 42 profiles were sampled with a microstructure profiler between November and December 2008 (Fig. 1) . The mean vertical profiles of the dissipation rate from the EM-APEX and from the vertical microstructure profiler are within an order of magnitude and have a similar vertical structure, indicating that the finescale parameterization applied to the EM-APEX data is appropriate (Fig. 13) . Having many profiles from the EM-APEX floats means that less vertical averaging is required, and thus the vertical profile of dissipation has more detail about the levels of dissipation with depth than the vertical profile of dissipation from the microstructure profiler (Fig. 13) . The microstructure measurements, which make no assumption about mixing sources, and the finescale parameterization estimates, which infer mixing from internal waves, agree well. Taking into account the sampling differences and the uncertainties associated with the shear-strain finescale parameterization, it is remarkable that the two dissipation rate profiles have such similar vertical structures. Waterman et al. (2014) identified potential limitations of the finescale parameterization method using shipboard data from the same survey. Finescale parameterization estimates from shipboard lowered acoustic Doppler current profiler data overpredicted dissipation rates compared to microstructure rates within the bottom 1 km in regions of internal wave generation. In our study, the EM-APEX data have a much higher vertical resolution of horizontal velocity (3 m) than lowered acoustic Doppler current profiler data (20 m), making them more suitable for estimating mixing rates. The EM-APEX enables us to resolve the cutoff wavenumber of the spectra used to estimate mixing and therefore to integrate the variance of the shear and strain at the correct wavelengths. The EM-APEX float profiles are on average 2000 m off the seafloor, well above the depths where the overestimates of mixing were found by Waterman et al. (2014) . We therefore have confidence that our mixing estimates are robust.
Conclusions
We show that observed mixing values north of the Kerguelen Plateau in the Southern Ocean have significant spatial and temporal variability. This variability is consistent with an internal wave analysis of the same dataset (Meyer et al. 2015, unpublished manuscript) . Robust internal wave and mixing patterns linked to several regional processes are identified and summarized in Fig. 14 . Rough topography is associated with mixing values 3 times higher than values associated with smooth topography. The most intense mixing is observed in the SAF/STF region, which also advects internal wave energy and momentum away from the generation site (Meyer et al. 2015, unpublished manuscript) . We suggest that enhanced mixing in the area is the result of breaking internal waves generated at the seafloor by the interaction of strong currents with rough topography either upstream from the Kerguelen Plateau or at the plateau. We infer that in the Southern Ocean there is substantial water mass transformation of 17 Sv taking place in the SAF/STF region, at the boundary between UCDW and AAIW. The observation of intense bursts of mixing in an eddy highlights the impact of mean-flow interactions on the dynamics of internal waves. In the region north of the SAF/STF region, large atmospheric frontal zones seem to regulate wind-driven mixing in the upper 800 m of the ocean. Clearly, the role of regional dynamics in the distribution and intensity of mixing requires more attention. 
